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Semibatch stirred tank reactors with a turbulent flow field are used frequently in the
chemical process industry to accomplish mixing tasks. Mixing in a turbulent flow con-
sists of se®eral processes. Descriptions for these processes from literature are used to
construct a model to calculate the selecti®ity of a mixing-sensiti®e reaction in a semi-
batch stirred tank reactor. The model is ®alidated by determining the effects of ®arious
process parameters on the selecti®ity of the third Bourne reaction. Calculation of the
selecti®ity requires information on the hydrodynamic parameters of the stirred ®essel
studied. The essential detailed description of these hydrodynamic parameters to obtain a
good agreement between measured and calculated selecti®ities was determined. The
model pro®ed to be successful in predicting the product distribution of a competiti®e
reaction, making it useful for the design and scale-up of stirred-tank reactors.

Introduction

Before a chemical reaction can occur between two or more
reactants, the reactants have to be mixed on a molecular scale.
When reaction is slow in comparison to the mixing process,
the solution will be homogeneously mixed before reaction
takes place and the product distribution will only depend on
the chemical kinetics. However, when reaction is fast relative
to the mixing rate, the mixing rate will also determine the
yield and selectivity of the process. Examples of mixing sensi-
tive reactions are monoacylation of symmetrical diamines
Ž . ŽJacobson et al., 1987 , precipitation reactions Franke and

. ŽMersmann, 1995 and fermentation processes Larsson et al.,
.1992 .

Because mixing has a large influence on the product qual-
ity of a mixing sensitive reaction, a model for the mixing of
reacting flows is a helpful tool in the design of a chemical
reactor. In principle, the mixing of fluids is completely de-
scribed by the partial differential equations describing the
momentum, mass, and species balances. However, turbulent
flows contain a wide range of time and length scales and,
therefore, even with the nowadays-available computational
resources, the complete exact solution of these differential
equations is not possible. Therefore, simplified, but tractable,
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models are proposed in the literature to describe the mixing
Ž .in turbulent flows see Fox, 1996, for a review . The applica-

bility of these models depends on the type of flow and chemi-
cal reactions under consideration. Stirred-tank reactors with
a turbulent flow field are commonly used in chemical and
biochemical industries to accomplish mixing tasks. In this ar-
ticle turbulent mixing of dilute solutions of reactants in a
semi-batch stirred tank reactor with a feed stream is consid-
ered for fast chemical reactions.

A fast reaction in a stirred-tank reactor takes place in a
Ž .small portion of the whole vessel Baldyga and Bourne, 1992

and the reaction zone becomes more localized when a
stirred-tank reactor is scaled up with a constant power input

Ž .per unit volume Bourne and Dell’ava, 1987 . For a localized
reaction zone, the following processes are used to describe

Žthe mixing of fluids in a turbulent flow Ranade and Bourne,
.1991 :

Ž .1 Convection of the reaction zone through the vessel by
the average velocity.
Ž .2 Spatial evolution of the reaction zone due to turbulent

dispersion by large-scale turbulent motions.
Ž .3 Mixing of reactants in the reaction zone on a molecular

scale inside small-scale turbulent motions by engulfment, de-
formation, and diffusion.

Models for these mixing processes are described in the lit-
Žerature Baldyga and Bourne, 1984, 1989; David and Viller-
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.maux, 1987 . In this work a combination of these descriptions
will be used to obtain a model for the calculation of the se-
lectivity of a mixing-sensitive reaction set in a semi-batch
stirred tank reactor with a feedstream.

The processes of mixing described above are determined
by hydrodynamic parameters. Therefore, application of the
model requires information on these hydrodynamic parame-
ters inside the stirred vessel. The reactor type used in this
study is a cylindrical vessel equipped with a Rushton turbine
stirrer and four baffles. The hydrodynamic parameters for this
reactor type have been determined extensively by laser
doppler velocimetry experiments, as described in previous ar-

Ž .ticles Kajbic, 1995; Kusters, 1991; Schoenmakers, 1998 .
However, for many industrial processes these parameters are
not known in great detail. Therefore, in this work it is also
investigated in how much detail these hydrodynamic parame-
ters have to be known to predict the selectivity of a mixing
sensitive reaction set.

To validate the model, the selectivity of a mixing sensitive
reaction set is determined experimentally for a broad range
of process and design variables.

Mixing Model
Lagrangian models for the mixing processes in a turbulent

flow are used to describe the mixing of the fluid elements in
a stirred-tank reactor. The engulfment, deformation, and dif-

Ž .fusion EDD model describes micromixing by diffusion
within shrinking laminated structures formed by engulfment
Ž . Ž .Baldyga and Bourne, 1984 . Baldyga and Bourne 1989a
have shown that for systems having a Schmidt number less
than 4,000, engulfment is the rate-determining step of the
micromixing process and the EDD-model is simplified to the

Ž .engulfment model E-model . The growth of the micromixed
volume according to the E-model is

dVmi
sEV 1Ž .midt

�
Es0.058 2Ž .(�

with V the volume mixed on a molecular scale, E the en-mi
gulfment rate, � the energy dissipation rate, and � the kine-
matic viscosity.

Mixing of micromixed fluid with micromixed fluid will not
lead to growth of the total micromixed volume. The probabil-
ity of this so-called self-engulfment depends on the volume
fraction of micromixed fluid inside the spreaded feedstream.
The growth of the micromixed volume taking into account

Ž .possible self-engulfment Baldyga and Bourne, 1989b is

dVmi
sEV 1yV rV 3Ž .Ž .mi mi tddt

where V is the volume of the dispersed feedstream.td
The spreading of the feedstream is characterized by a tur-

Ž . Ž .bulent dispersion coefficient D Nagata, 1975 . David andt
Ž .Villermaux 1987 have used this turbulent dispersion coeffi-

Ž .cient to describe the growth of the linear dimension L of a

cloud containing an injected scalar

dL2 dV 3td 1r3sD or s D V 4Ž .t t tddt dt 2

in which the volume of the cloud is assumed to be equal to
L3 for the sake of simplicity.

Ž .As noticed by Baldyga and Pohorecki 1995 , in a continu-
ous feedstream the concentration gradients in radial direc-
tion are much larger than in the direction of the flow. There-
fore, only radial dispersion is assumed and the growth of the
volume of a slice, with diameter L and thickness � , is given

Ž .by Baldyga and Pohorecki, 1995

dV � dL2 � Vtd td
s � s �D s D 5Ž .t t2dt 4 dt 4 L

In this study the mixing of a continuous feedstream in a stirred
vessel is investigated. Therefore, Eq. 5 will probably be more
appropriate for our model than Eq. 4. The turbulent disper-
sion coefficient in Eq. 5, used to describe the growth of V ,td
is determined by hydrodynamic parameters. The growth of

Ž .the diameter of a scalar cloud L , with a diameter smaller or
Ž .in the order of the velocity length scale L , follows a®

Ž .Richardson Law Lesieur, 1990

1 dL2
1r3 4r3sC� L 6Ž .

2 dt

When the scalar cloud diameter is larger than the velocity
length scale, the growth of the diameter is described by
Ž .Lesieur, 1990

1 dL2
1r3 4r3sC� L 7Ž .®2 dt

In both equations � is the energy dissipation rate and C is
Ž .a constant equal to 2.14 Lesieur, 1990 . The integral length

scale of the velocity fluctuations is a measure for the large-
scale turbulent flow structures. Combining Eqs. 5, 6, and 7
yields the following equation for the turbulent dispersion co-
efficient

D s2C� 1r3�4r3 �sL when L� Lt ®

�sL when L� L 8Ž .® ®

When the momentum of the feedstream is negligible com-
pared to the momentum of the flow in the reactor, the veloc-
ity of the feedstream in the reactor will be equal to the local
circulation velocity. This is normally the case when the feed
velocity is smaller than or comparable to the local circulation

Ž .velocity Jeurissen et al., 1994 . Under these circumstances,
Ž .the initial diameter of the dispersed feedstream L is giveno
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Ž .by Baldyga et al., 1997

�
2Q s L u 9Ž .f o4

where Q is the feed flow rate and u is the feed velocity justf
beneath the feed pipe.

To calculate the selectivity of a mixing-sensitive reaction
set in a semi-batch stirred tank reactor, a mass balance is
made for each component i inside a fluid element added to
the reactor

dc 1 dVi mi ² :s c yc qR 10Ž .Ž .i i idt V dtmi

in which c is the concentration of component i in the mixedi
² :volume, c is the concentration of component i in the bulk,i

and R is the specific reaction rate. The growth of the mi-i
cromixed volume is calculated with Eq. 3 and depends on the
volume of the dispersed feedstream. The volume of the dis-
persed feedstream is calculated with Eqs. 5 and 9. The con-
centration in the bulk is assumed to be constant during one
circulation time, and the added feed liquid is assumed to be

Žhomogeneously mixed after one circulation time Baldyga and
.Bourne, 1989a; Phillips et al., 1999 . Due to this assumption,

the history of all fluid elements added to the reactor during
one circulation time will be the same. Therefore, the total
feed volume is discretized into fluid elements with a volume

Ž .V equal to0

tc
V sV 11Ž .0 feed tfeed

where V is the total volume, t is the circulation time, andfeed c
t is the feed time. The feed time is defined as the totalfeed
feed volume divided by the feed flow rate. The circulation
time inside a stirred tank reactor is given by

Vreactor
t s 12Ž .c r Qc p

where V is the volume of the reactor contents, r is thereactor c
circulation ratio, and Q is the pumping capacity of the stir-p
rer. The pumping capacity of the stirrer is

Q sN ND3 13Ž .p q im

where N is the flow number of the stirrer, N is the stirrerq
speed, and D is the impeller diameter. The flow numberim
and circulation ratio of a Rushton turbine stirrer are equal to

Ž .0.7 and 3, respectively Schoenmakers, 1998 .

Hydrodynamic Parameters
The engulfment rate is a function of the local energy dissi-

pation rate. The turbulent dispersion coefficient depends on
the local energy dissipation rate and the local velocity length
scale. Therefore, these parameters have to be known for the

Figure 1. Geometry of the vessels showing a closed top, four baffles, a feed pipe and an effluent pipe.
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Figure 2. Geometry of the Rushton turbine stirrer.

calculation of the selectivity of a mixing sensitive reaction. A
fluid element added to the reactor is followed as it moves
through the reactor. When the hydrodynamic parameters vary
throughout the vessel, the location of the added fluid ele-
ment inside the reactor has to be known. This location is
determined by the local average velocity inside the stirred
vessel. The energy dissipation rate, the velocity length scale,
and the local average velocity are dependent on the stirred-
tank reactor used. For many industrial processes, these hy-
drodynamic parameters are not known in detail. In this study,
the necessary degree of complexity in the description of these
hydrodynamic parameters to obtain a good agreement be-
tween the measured and calculated selectivities is investi-
gated.

Energy dissipation rate and ©elocity length scale
The experimental system used in this study is a cylindrical

vessel equipped with a Rushton turbine stirrer, as shown in
Figures 1 and 2. The hydrodynamic parameters are deter-
mined from the previous laser doppler velocimetry measure-

Ž .ments Kajbic, 1995; Kusters, 1991; Schoenmakers, 1998 . The
hydrodynamic parameters are described in three flow maps
with different levels of complexity. In these flow maps the
local energy dissipation rate is related to the average energy
dissipation rate

N N 3D5
p im

�s 14Ž .
Vreactor

in which N is the power number, equal to 5.3 for the stirrerp
Ž .used in this work Schoenmakers, 1998 .

Flow map 1. In the first flow map the hydrodynamic pa-
rameters are assumed to be constant throughout the whole
vessel. The energy dissipation rate is taken equal to the aver-
age energy dissipation rate calculated with Eq. 13. The veloc-
ity length scale is taken equal to the baffle width.

Flow map 2. In the second flow map, the vessel is divided
into three regions, as illustrated in Figure 3. The energy dissi-
pation rates in these regions are described by correlations

Ž .given by Schoenmakers et al. 1996

bulk region: �s0.13� 15Ž .

Figure 3. Division of the reactor into three regions hav-
ing different hydrodynamic parameters.

stirrer region: �s7.3� 16Ž .

wall region: �s0.63� 17Ž .

In the bulk region, the velocity length scale equals 0.15
Ž .times the vessel diameter Schoenmakers, 1998 . The velocity

length scale in the stirrer region is equal to the impeller blade
Ž .width Kusters, 1991 . Experimental data of the velocity

length scale in the wall region are not available. As velocity
length scales are related to the dimensions of the elements
generating the turbulence, the length scale in the wall region
is assumed to be equal to the baffle width.

Flow map 3. The third flow map is equal to flow map 2
except for the energy dissipation rate in the stirrer region.
Due to large gradients in the energy dissipation rate in the
stirrer region, in the third flow map a more detailed descrip-
tion of the energy dissipation rate in stirrer region is used

y12r r
�s 0.414y3.462 � q8.233 � �� 18Ž .ž /ž /D Dvessel vessel

This equation is obtained by fitting a polynomial function
through measured energy dissipation rates. These energy dis-
sipation rates have been measured at a height of 1r2 the ves-

Žsel diameter at nine different radial positions Kajbic, 1995;
.Schoenmakers et al., 1996 . The measured energy dissipation

rates and the fitted polynomial equation are shown in Figure
4.

Location of a fluid element
When the energy dissipation rate and the velocity length

scale vary throughout the vessel, the location of a fluid ele-
ment added to the reactor has to be known during the reac-
tion time. The reaction time is defined as the time necessary
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Figure 4. Relative energy dissipation rate profile in the
stirrer region.
Points are measured energy dissipation rates with laser
doppler velocimetry. The curve is obtained by fitting a poly-
nomial equation through the measured data.

to consume all of the reactants in a fluid element added to
the reactor. For the fast chemical reactions considered in this
study, this reaction time is always smaller than the circulation
time. In the reaction time a fluid element is assumed to flow
from the feed pipe through the bulk region towards the stir-
rer, and then from the stirrer region into the wall region.

The residence time and location of a fluid element in a
region is determined by the local average velocity. The resi-
dence time in the bulk region is equal to the distance be-
tween the feed point and the stirrer region divided by the
average velocity over this distance. The average velocity be-
tween the feed point and the stirrer region is equal to 0.15

Ž . Ž .times the stirrer tip speed � ND Schoenmakers, 1998 .im
Inside the stirrer region the average velocity at every radial

Ž .position r is calculated from the pumping capacity of the
stirrer

r N ND3
c q im

® s 19Ž .stirrer 0.2 D2� r

A fluid element is assumed to enter the stirrer region at the
Ž .radial position of the feed pipe R . With this assumption,

the residence time in the stirrer region follows from

10.65Dr2
t s dr 20Ž .Hstirrer ®R stirrer

After a fluid element has left the stirrer region, it is assumed
to be in the wall region in the remaining reaction time.

Experimental verification of the model
The model presented earlier is used in combination with

the flow maps presented in the previous paragraph to calcu-

late the selectivity of a mixing-sensitive reaction set. The cal-
culated selectivities are validated against experimentally de-
termined selectivities for several process and design vari-
ables.

The experiments were performed in geometrically similar
vessels of 6 L, 19 L, and 44 L, respectively, equipped with a
Rushton turbine stirrer. The geometry of the vessels is shown
in Figure 1. The diameters of the vessels were 0.2 m, 0.288 m,
and 0.382 m, respectively. The feed pipe diameters for the 6
L, 19 L, and 44 L vessel were 5 mm, 8 mm, and 10 mm,

Ž .respectively. The radial position of the feed pipe R for the
6 L and the 44 L vessels was 0.2 times the vessel diameter,
and the radial position of the feed pipe for the 19 L vessel
was 0.3 times the vessel diameter. The stirrer Reynolds num-

Ž 2 . 3 4ber ND r� was varied from 6.7 10 to 4 10 in the 6Lim
vessel and from 1.6 104 to 9.7 104 in the 44L vessel. In the
19L vessel the stirrer Reynolds number was equal to 1.4 104

and 3.7 104. The geometry of the Rushton turbine stirrers is
shown in Figure 2.

The mixing sensitive reaction set used in this work to vali-
Ždate the mixing model was the third Bourne reaction Bourne

.and Yu, 1994 . The third Bourne reaction consists of the fol-
lowing two competitive reactions

k1 6NaOHqHCl NaClqH O2

k 2 6NaOHqCH ClCOOC H CH ClCOONaqC H OH2 2 5 2 2 5

The second-order kinetic constants for this reaction system
Ž .are Baldyga and Bourne, 1999

k s1.3 108 m3r mol s at 298 KŽ .1

k s0.030 m3r mol s at 298 KŽ .2

For engulfment to be the rate determining step of the mi-
cromixing process, the Schmidt number must be smaller than
4,000. To calculate the Schmidt numbers of the reactants,
diffusion coefficients have been estimated using Eqs. 3�34

Ž .and 3�32 given in Perry and Chilton 1973 , valid for elec-
trolytes at infinite dilution and nonelectrolytes at low-con-
centrations, respectively. The Schmidt numbers of hydrochlo-
ric acid, sodium hydroxide and ethyl chloroacetate in water
are 300, 470, and 1,200, respectively.

Before each experiment, the vessel was entirely filled with
Ž .a solution of 0.09 M ethyl chloroacetate ECA and 0.09 M

HCl. The feedstream was a solution of 1.8 M NaOH and the
feed volume was 1r20 of the vessel volume. When the feed
was added, solution left the reactor through an effluent pipe
positioned at the top of the vessel, as shown in Figure 1.

The reaction between NaOH and HCl is much faster than
the reaction between NaOH and ECA. NaOH will only react
significantly with ECA when the reaction between NaOH and
HCl is limited by mixing. Therefore, the amount of ethanol
produced will increase when the mixing rate decreases. The
amount of ethanol and ECA present at the end of an experi-
ment in the reactor and in the solution leaving the reactor

Ž .were determined chromatographically HPLC . The mixtures
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Figure 5. Calculated ethanol yields with the three flow
maps and measured ethanol yields vs. stirrer
speed for the 6 L vessel and a feed rate equal

( )to the local circulation velocity 0.15v .tip

were analyzed immediately to avoid the acid catalyzed hydro-
Ž .lysis of ethyl chloroacetate Baldyga and Bourne, 1999 .

As the reaction between NaOH and HCl is almost instan-
taneous, the following transformation was used to remove the
stiffness from the differential equations and to reduce the

Žnumber of differential equations to be solved Baldyga and
.Bourne, 1989b

usC yC 21Ž .NaOH HCl

� �uqu
C sNaOH 2

� �uyu
C sHCl 2

Figure 6. Calculated ethanol yields with the three flow
maps and measured ethanol yields as a func-
tion of feed time for the 6 L vessel and a stir-
rer speed of 4 Hz.

Figure 7. Calculated ethanol yields with the three flow
maps and measured ethanol yields as a func-
tion of feed time for the 19 L vessel and stirrer
speeds of 1.5 Hz and 4 Hz.

The mass balances for u and ECA are

� �du 1 dV uqumi ² :s u yu yk C 22Ž . Ž .2 ECA ž /dt V dt 2mi

� �dC 1 dV uquECA m i ² :s C yC yk CŽ .ECA ECA 2 ECA ž /dt V dt 2mi

23Ž .

Results and Discussion
The experimentally determined selectivities are compared

here with the calculated selectivities. The selectivity is de-
fined as one minus the ethanol yield. The ethanol yield is
given as the total amount of ethanol present at the end of an
experiment in the reactor and in the solution leaving the re-
actor divided by the amount of ECA present at the beginning
of an experiment.

Figure 8. Calculated ethanol yields with the three flow
maps and measured ethanol yields vs. stirrer
speed for the 44 L vessel and a feed rate equal
to the local circulation velocity.
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In Figures 5 and 6 measured and calculated ethanol yields
for the 6 L vessel are given as a function of stirrer speed and
feed time, respectively. Figure 7 shows a comparison between
the measured and calculated ethanol yields vs. feed time for
the 19 L vessel and two stirrer speeds. In Figure 8 measured
and calculated ethanol yields vs. stirrer speed are given for
the 44 L vessel. From Figures 5 to 8, it is concluded that an
agreement between the measurements and simulations could
not be obtained when using constant hydrodynamic parame-
ters. However, good agreement between the measured and
calculated selectivities is obtained when a flow map with three
characteristic regions is used. Figures 5, 7, and 8 show an
increasing selectivity with increasing stirrer speed. Figures 6
and 8 show that, for short feed times, the selectivity de-
creases with decreasing feed time. This is in agreement with
a mixing rate that becomes more controlled by the turbulent
dispersion process when the feed time is reduced. For the
longer feed times, the selectivity is independent of feed time.

From Figures 5 to 8, it is concluded that the necessary de-
tailing in the description of the hydrodynamic parameters de-
pends on the feed position. The radial feed location was 0.2
times the vessel diameter for the 6 L and 44 L vessel and 0.3
times the vessel diameter for the 19 L vessel. For the 6 L and
44 L vessel, a good agreement between the measured and
calculated ethanol yields is observed when flow map 3 is used.
For the 19 L vessel, already a reasonable agreement between
the measured and calculated ethanol yields is observed when
constant hydrodynamic parameters are used. A good agree-
ment between the measured and calculated ethanol yields is
obtained for the 19 L vessel when flow map 2 is used. The
calculated ethanol yields with flow map 2 and 3 coincide in
Figure 7. The influence of the feed position on the necessary
degree of complexity in the description of the hydrodynamic
parameters will be discussed in more detail below.

In Figures 9 and 10 the growth of the micromixed volume
in the feedstream, calculated with the three different flow

Ž .maps, is plotted vs. the dimensionless time trt for the 6 Lc
and 19 L vessel, respectively. On the lower horizontal axis of

Figure 9. MIcromixed volume as a function of dimen-
( )sionless time trrrrr t for the 6 L vessel, a stir-c

rer speed of 4 Hz and a feed time of 127 s.

Figure 10. Micromixed volume as a function of dimen-
( )sionless time trrrrr t for the 19 L vessel, ac

stirrer speed of 4 Hz, and feed time of 103 s.

these figures, the residence times of a fluid element in the
bulk region and in the stirrer region are given. A fluid ele-
ment is assumed to enter the stirrer region at the radial posi-
tion of the feed pipe. Therefore, the residence time in the
stirrer region for the 19 L vessel is shorter than for the 6 L
vessel. In Figure 9 a large deviation between the micromixed
volumes in the stirrer region calculated with flow maps 1 and
3 is observed for the 6 L vessel. For the 19 L vessel, the
residence time in the stirrer region is too short to result in a
large difference between these micromixed volumes. For both
vessels, large deviations between the micromixed volumes
calculated with flow map 1 and flow map 3 are observed in
the bulk region. However, in the bulk region the growth of
the micromixed volume is small; therefore, only a small
amount of ethanol will be produced in this region. Appar-
ently, the residence time in the stirrer region of the 19 L
vessel is too short and the amount of ethanol produced in the
bulk region is too small to generate a large difference be-
tween the calculated ethanol yields with flow map 1 and flow
map 3, respectively.

For the 6 L and 44 L vessel, the energy dissipation rate in
the stirrer region described by flow map 3 is higher than the
average energy dissipation rate in the stirrer region of flow
map 2. Consequently, in Figures 5, 6, and 8 the calculated
ethanol yields with flow map 3 are lower than the calculated
ethanol yields with flow map 2. For the 19 L vessel, the en-
ergy dissipation rate in the stirrer region described by flow
map 3 is almost equal to the average energy dissipation rate
in the stirrer region used in flow map 2. Therefore, the
ethanol yields calculated with flow map 2 and flow map 3
coincide in Figure 7.

In Figure 11 the dimensionless volume of the dispersed
Ž .feedstream V rV and the dimensionless micromixed vol-td 0

Ž .ume V rV are given as a function of the dimensionlessmi 0
Ž .time trt for several stirrer speeds. These volumes are cal-c

culated with flow map 3 with the same process parameters as
used to calculate the selectivity in Figure 5. The volume of
the dispersed feedstream as a function of the dimensionless
time is the same for all stirrer speeds, because V � N andtd
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( )Figure 11. Volume of the dispersed feed stream Vtd
( )and the micromixed volume V as a func-mi

( )tion of dimensionless time trrrrr t and stirrerc
speed for the 6 L vessel, and a feed rate
equal to the local circulation velocity
( )0.15v .tip

t � Ny1. The micromixed volume as a function of the di-c
mensionless time increases with increasing stirrer speed.
Therefore, the volume fraction of micromixed fluid inside the
dispersed feedstream increases when the stirrer speed is in-
creased, resulting in more self-engulfment and, consequently,
a smaller increase in the growth rate of the micromixed vol-
ume for the higher stirrer speeds. For stirrer speeds above 3
Hz, the increase in the growth rate of the micromixed volume
with increasing stirrer speed is relatively small. This effect
can also be observed in Figure 5 by a decreasing influence of
the stirrer speed on the selectivity for stirrer speeds higher
than 3 Hz.

Conclusions
In this article a model is proposed for the prediction of the

product quality of fast chemical reactions in semi-batch
stirred-tank reactors. Application of this model requires in-
formation on the energy dissipation rate, the velocity length
scale, and the average velocity. The local values for these pa-
rameters vary throughout the stirred tank and, therefore, the
agreement between measured and calculated selectivities de-
pends on the complexity of the flow map describing these
hydrodynamic parameters. When these hydrodynamic param-
eters are described in sufficient detail, the proposed mixing
model is able to predict the selectivity of a mixing-sensitive
reaction. This will allow for the effective design and scale-up
of stirred-tank reactors in which this type of reaction is car-
ried out.

The model presented in this article has been validated by
determining the product distribution of the third Bourne re-
action. During the experiments, the feed velocity was smaller
than or comparable to the local circulation velocity. There-
fore, the influence of the feedstream on the hydrodynamic

parameters has been neglected. Under these circumstances,
an agreement between the measured and calculated product
distributions could not be obtained when using constant hy-
drodynamic parameters in the entire vessel. However, a flow
map with three characteristic region is sufficient to obtain a
good agreement between the measurements and the simula-
tions. In this flow map, the velocity length scale is constant in
each region and the energy dissipation rate has a constant
value in the bulk region and in the wall region. Since large
gradients in the energy dissipation rate are present in the
stirrer region, the necessary detailing in the description of
the energy dissipation rate depends on the radial position of
the feed pipe. When the radial position of the feed pipe is
equal to 0.3 times the vessel diameter, a constant energy dis-
sipation rate in the stirrer region can be used. However, when
the radial position of the feed pipe is equal to 0.2 times the
vessel diameter, a description of the gradient in the energy
dissipation rate in the stirrer region is necessary.

Notation
c sconcentration of component i in the mixed volume, mol �my3

i
² : y3c sconcentration of compound i in the bulk, mol �mi
D simpeller diameter, mim

D sturbulent dispersion coefficient, m2 � sy1
t

D svessel diameter, mvessel
Esengulfment rate, sy1

k skinetic constant, m3�moly2 � sy1
i

Lslinear dimension of a scalar cloud, m
L sinitial diameter of the dispersed feedstream, mo
L slength scale of the velocity fluctuations, m®
Nsstirrer speed, sy1

N spower numberp

N sstirrer flow numberq
Q sstirrer pumping capacity, m3� sy1

p
rsradial coordinate, m

r scirculation ratioc
R sreaction rate, mol �my3 � sy1

i
tstime, s

t scirculation time, sc
t sfeed time, sfeed

t sresidence time in the stirrer region, sstirrer
usvelocity, m � sy1

® svelocity in the stirrer region, m � sy1
stirrer

V svolume of a fluid element, m3
o

V sfeed volume, m3
feed
V svolume mixed on a molecular, scale m3

m i
V svolume of the reactor contents, m3

reactor
V svolume of the dispersed feed stream, m3

t d
�sthickness, m
�senergy dissipation rate, m2 � sy3

� skinematic viscosity, m2 � sy1
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